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CIRCUITRY FOR COMPENSATING FOR 
TRANSISTOR PARAMETERMISMATCHES INA 
CMOSANALOG FOUR-QUADRANT MULTIPLER 

STATEMENT OF GOVERNMENT INTEREST 

The invention described herein may be manufactured 
and used by or for the Government of the United States 
of America for governmental purposes without the 
payment of any royalties thereon or therefor. 

BACKGROUND OF THE INVENTION 

The present invention relates to the field of multiplier 
circuits, and more particularly, to the field of four-quad 
rant analog multiplier circuits. 
Analog multiplier circuits form important building 

blocks for devices such as adaptive filters, function 
generators, and modulators. In the emerging field of 
artificial neural networks, implementation of useful 
network structures in analog integrated circuitry will in 
many cases require large arrays of multipliers. 
One type of multiplier is described in U.S. Pat. No. 

4,978,873, by Shoemaker, entitled "CMOS Analog 
Four-Quadrant Multiplier.” This multiplier provides 
four-quadrant multiplication of two values represented 
by input voltages, V1 and V2, which are applied to the 
transistors. The output of the circuit is proportional to 
the product (VV2). 
One embodiment of this type of multiplier includes a 

complementary pair of n- and p-channel transistors. The 
respective threshold voltages Vin and V of the n- and 
p-channel transistors satisfy the relation: V-Vind 0. 
The gates of the two transistors are connected in com 
mon and receive a voltage which is the sum of input V1 
and a bias voltage V, where V = (V--V)/2. The 
bias voltage, Vb, eliminates offset in the circuit output 
due to threshold voltage magnitude mismatch. Second 
voltage input V2 and its inverse - V2 are also provided 
to the circuit. In the case where V2>0, V2 is provided 
to the terminal of the n-channel transistor which acts as 
the drain and -V2 is provided to the terminal of the 
p-channel transistor which acts as the drain. The termi 
nals of each transistor which act as sources are con 
nected at an output node. In the case where V2 <0, then 
V2 and -V2 are applied to the same physical terminals 
as in the first case, however, these two terminals be 
come the sources of the two transistors due to the differ 
ence in polarity of the applied voltages from those of 
the first case. In the latter case, the two terminals which 
are connected at the output node become the drains of 
the two transistors. In either case, the circuit provides 
an output proportional to the product (VV2). 
A second embodiment of the multiplier described in 

U.S. Pat. No. 4,978,873 includes two pairs of comple 
mentary MOS transistors, where each pair is configured 
similarly to the circuit of the first embodiment, except 
that the inputs V, V2, and - V2 are replaced by their 
inverses -V1, -V2, and V2, respectively, on one of the 
two pairs. The output nodes of the individual transistor 
pairs are connected in common. The bias voltage used 
in this circuit may deviate significantly from that of the 
first embodiment as the error which such a deviation 
would cause in the first embodiment is canceled in the 
second. However, a disadvantage of this embodiment is 
that it requires two pairs of transistors and the inverse 
-V of the voltage V1. 
A limitation of the above-referenced four-quadrant 

multiplier is that it requires matching of the transcon 
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2 
ductance constants of the n- and p-channel MOSFET's. 
If transistors without such matching are used in the 
circuit, nonlinearities and additional offsets are intro 
duced, resulting in distortion in the circuit output. Such 
mismatches can result from the manufacturing pro 
cesses by which the transistors are fabricated, or from 
temperature, radiation, or aging effects. 

Therefore, there is a need for a circuit that compen 
sates for mismatches in both transistor threshold volt 
age magnitudes and transconductance constants. 

SUMMARY OF THE INVENTION 

The present invention provides circuitry which may 
be used in combination with a CMOS four-quadrant 
analog multiplier of the type described in U.S. Pat. No. 
4,906,873 to compensate for imperfect device matching, 
and will also compensate for temperature drift, radia 
tion, and aging effects. The invention improves the 
accuracy of the outputs of such multipliers by also com 
pensating for aging and environmental effects. 
The present invention provides a circuit for eliminat 

ing quadratic and offset errors in the output of a CMOS 
four-quadrant analog multiplier. These errors are elimi 
nated by feedback circuits that each include one or 
more CMOS four-quadrant analog multipliers. 
Three embodiments of the invention are presented 

herein. The first preferred embodiment eliminates qua 
dratic errors and includes: first and second CMOS four 
quadrant analog nultipliers each having an n-channel 
field effect transistor having a gate, first and second 
terminals, a channel forming a source-drain path be 
tween the first and second terminals, and a p-channel 
field effect transistor having a gate, first and second 
terminals, and a channel forming a source-drain path 
between the first and second terminals. For each multi 
plier, the second terminal of the n-channel transistor is 
operatively coupled to the first terminal of the p-chan 
nel transistor so as to form a first output node. The first 
embodiment further includes: a first unity gain inverting 
buffer having an input connected to the first terminal of 
the n-channel transistor of the first CMOS four-quad 
rant multiplier and an output connected to the first 
terminal of the n-channel transistor of the second 
CMOS four-quadrant multiplier; a second unity gain 
inverting buffer having an input connected to the sec 
ond terminal of the p-channel transistor of the first 
CMOS fourquadrant multiplier and an output con 
nected to the second terminal of the p-channel of the 
second CMOS four-quadrant multiplier; a high gain 
differential amplifier having an input connected to the 
first and second output nodes, a second input connected 
to ground, and an output for providing a gain control 
voltage VG, an inverting voltage controlled amplifier 
having an input connected to the first terminal of the 
n-channel transistor of the first multiplier, a variable 
voltage gain A, an output connected to the second ter 
minal of the p-channel transistor of the first CMOS 
four-quadrant multiplier, and a gain control input con 
nected to receive the voltage, Vc, from the high gain 
differential amplifier. A voltage source provides a volt 
age Vb to the gates of the n- and p-channel transistors 
of the first and second multipliers; a second voltage 
source connected to provide a voltage V2 to the first 
terminal of the n-channel transistor and to the input of 
the inverting voltage controlled amplifier, whereby the 
output of the inverting voltage controlled amplifier 
provides a voltage -AVB2 to the second terminal of the 
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p-channel transistor of the first multiplier, and the out 
put of the first unity inverting buffer provides a voltage 
-V2 to the first terminal of the n-channel transistor of 
the second multiplier. The output of the second unity 
inverting buffer provides a voltage - Vb2 to the sec 
ond terminal of the p-channel transistor of the second 
multiplier. 
The second embodiment provides a circuit which 

eliminates offset error and includes: a CMOS four-quad 
rant multiplier which includes an n-channel field effect 
transistor having a gate, first and second terminals, and 
a channel forming a source-drain path between the first 
and second terminals; and a p-channel field effect tran 
sistor having a gate, first and second terminals, and a 
channel forming a source-drain path between the first 
and second terminals. The second terminal of the n 
channel transistor is connected to the first terminal of 
the p-channel transistor so as to form an output node. 
The second embodiment further includes a high gain 
differential amplifier having a first input operably cou 
pled to the output node, a second input operably cou 
pled to ground, and an output operably coupled to 
provide a voltage VB to the gates of the n- and p-chan 
nel transistors. A voltage source provides a voltage Vb2 
to the first terminal of the n-channel transistor. Another 
voltage source provides a voltage - AV2 to the second 
terminal of the p-channel transistor. 
The third embodiment compensates for both qua 

dratic and offset errors, and includes a quadratic error 
compensation circuit connected to the offset error com 
pensating circuit. 

Circuits embodying four-quadrant analog multipliers 
may be more readily fabricated since there does not 
need to be exact transistor parameter matching. Appli 
cation of the invention should, therefore, increase pro 
duction yields, reduce the costs of multiplier circuits, 
provide more accurate outputs in comparison to exist 
ing multipliers. These and other advantages will be 
come more readily apparent in light of the appended 
teachings. 
BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic of a four-quadrant multiplier 
circuit. 

FIG. 2 is a schematic of a four-quadrant multiplier 
circuit, where V2>0. 
FIG. 3 is a schematic of a four-quadrant multiplier 

circuit, where V2 <0. 
FIG. 4A is a schematic of one quadratic error com 

pensation circuit for transconductance constant mis 
match for a four-quadrant analog multiplier of the type 
presented in FIG.'s 1-3, above. 
FIG. 4B is a schematic of a second quadratic error 

compensation circuit for transconductance constant 
mismatch for a four-quadrant analog multiplier of the 
type presented in FIG.'s 1-3, above. 
FIG. 5 is a schematic of an offset compensation cir 

cuit for a four-quadrant analog multiplier of the type 
presented in FIG.'s 1-3, above. 
FIG. 6 is a schematic of a compensation circuit for 

both transconductance constant mismatch and offset for 
a four-quadrant analog multiplier of the type presented 
in FIG.'s 1-3, above. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

FIG. 1 is a schematic of multiplier circuit 10 of the 
type described in U.S. Pat. No. 4,906,873, incorporated 
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4 
herein by reference. In the present invention, V2 is ap 
plied to terminal 18 of n-channel transistor 12 and 
(V1+V) is applied at gates 16 and 22. However, 
-AV2 is applied to terminal 26 of p-channel transistor 
14, rather than - V2 as shown in FIG. 1 of U.S. Pat. No. 
4,906,873. 
The general expression for the operation of multiplier 

circuit is derived from Eqn. i below, the first order 
approximation for drain current through a MOSFET 
operating in the triode region: 

Id=f3(CV-V)Vas-Vais) (1) 

where: 
As is the transconductance constant; 
Id is the drain current (taken as positive into the 

drain); 
Vgs is the gate-to-source voltage; 
Vds is the drain-to-source voltage; 
V is the threshold voltage. 

Hereafter, the subscripts “n” and "p" refer to the n- and 
p-channel transistors, respectively. For an n-channel 
transistor, we substitute 6= ln(Cox)(W/L) for A; for 
2 p-channel transistor, We substitute 
-6=-up(Cox)(W/L) for 3, where: 

u is the channel mobility; 
Cox is the capacitance per unit area across the gate 

oxide of the transistor; and 
W and L are the width and length, respectively, of 

the channel of the transistor. 
Operation of multiplier circuit 10 for the case in 
which V2>0 is illustrated in FIG. 2. Substitution of 
the voltages V1,V2, and -AV2, and of the appro 
priate As and V values into Eqn. 1 yields the follow 
ing expressions for the drain currents Idn and Id of 
n and p channel transistors 12 and 14, respectively: 

lartov, --V-V-I-VT)(V2-Vo)-(V2-Vo) 

V-V)} (2) 

where Vois the output voltage and with the following 
substitutions VT=-Vn } = -V/Van, k=f3, and =f3p/Rn. 
The case where V2 <0 is shown in FIG. 3. Making 

the substitutions shown immediately above yields: 

Id=-ExCV1+V+AV2-WVT)(Vo--AV2)-(V- 
o+AV2)} (3) 

The output current is expressed as: 

lo=Idn+ldV2>0 (4) 

Substitution of the expressions for Ian and Id of Eqns. 2 
or 3 into 4 and solving for Io yields: 

lo=kt(1-5)V'o/2--((-1)(V1+V)-(i+VE) 

for V2d 0 or V2 <0. 
In the ideal case the thresholds and transconduc 

tances are matched, and so we have = 1 and i = 1. If 
we then set A=1, and V=0, Eqn. 5 reduces to: 

(5) 
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In the short circuit mode (Vo=0): 

Iose2kVV2 (7) 

For the open circuit (Io=0) we get: 

Vo-VV2/VT (8) 

In a non-idealized circuit, the operating characteristics 
of the MOSFET's will not be exactly matched. There 
fore, the parameters will I not be exactly equal to one. 
The short circuit current Io can be found in this more 
general case by setting Vo=0 in Eqn. 5 which gives: 

The first term gives us the desired product of V and 
V2. The second term corresponds to an offset in the 
value of V1, giving (V1 --8)V2 rather than the desired 
product. The third term is a quadratic error term in V2. 
The offset can be eliminated by setting 
V= -(1-all)VT/(1+A2) and the quadratic error 
term can be eliminated by setting A=2-3. Making these 
substitutions, Equation (9) becomes: 

Io= x(1+g)V1V2 (10) 

This invention provides a feedback circuit which 
computes bias voltage Vb, which is to be added to input 
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voltage V1. When input V2 is applied to the circuit from . 
an external source, the voltage - AV2 may be computed 
with an inverting buffer with a gain of magnitude 
A=-3. The invention also includes a second feedback 
circuit which adjusts the gain of a voltage controlled 
inverting buffer to magnitude M. 

This second feedback circuit, circuit 400, is described 
with reference to FIG. 4A. Feedback circuit 400 in 
cludes multipliers 402a and 402b which are multiplier 
circuits 10 of the type described in U.S. Pat. No. 
4,906,873, incorporated herein by reference. Bias volt 
age Vb is applied to transistor gates 416 and 422 of 
transistors 412 and 414, respectively, which comprise 
multiplier 402a and to transistor gates 416 and 422 of 
transistors 412 and 414, respectively, which comprise 
multiplier 402b. Voltage Vb2 is provided to terminal 418 
of multiplier 402a and to the input of amplifier 406. 
Amplifier 406 is a voltage-controlled amplifier having a 
voltage gain which is variable about -1 and which has 
a magnitude that is a monotonic increasing function of 
the control voltage Vo. The output of amplifier 406, 
-AV2, is provided to terminal 426 of multiplier 402a. 
Unity-gain inverting buffer 408 receives input V2, and 
supplies its output to terminal 418 of multiplier 402b. 
Unity-gain inverting buffer 410 receives input -AV2 
and provides its output to terminal 426 of multiplier 
402b. The negative input of amplifier 440 is connected 
to output nodes 430 of multipliers 402a and 402b. The 
positive input of amplifier 440 is connected to ground. 
Amplifier 440 is a high-gain differential amplifier which 
produces the gain control signal VG that is provided to 
the gain control input of amplifier 406. 
Vb lies within the permissible range for the V input 

to the multipliers, and Vb2 is a bias voltage which is 
some substantial fraction of the full-scale V2 input per 
missible for multipliers 10. See U.S. Pat. No. 4,978,873 
at column 4, line 64 to column 5, line 16.) 
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6 
Circuit 400 operates as follows: Amplifier 440 adjusts 

he gain of amplifier 406 via feedback so that the nega 
tive input terminal of amplifier 440 is brought very near 
ground. Thus, if amplifier 440 is specified to draw negli 
gible current at its inputs, the output condition for the 
coupled multipliers 402a and 402b is zero current into 
ground (zero voltage). The configuration of multipliers 
402a and 402b is such that both the product and offset 
terms in their output currents tend to cancel; the only 
remaining term is the quadratic error term. Therefore, 
by adjusting the gain of amplifier 406 so that this term is 
zero as well, that gain is set very nearly to E in magni 
tude. The gain control signal VG could then be used to 
control the gains of inverting voltage- controlled ampli 
fiers similar to amplifier 406 which may be used in con 
junction with other multiplier circuits on the same chip. 

It is to be understood that the invention comprehends 
other obvious variations on this principle. For example, 
referring to FIG. 4B, a bias voltage V2' could be ap 
plied directly to p-channel transistor 414 in multiplier 
402a and to the input of inverting buffer 410, and a 
variable-gain amplifier such as amplifier 406 could be 
used to invert V2', which yields -(1/A)Vb2', for appli 
cation to n-channel transistor 412 in multiplier 402a and 
to the input of inverting buffer 408. This gain could be 
controlled by feedback so as to eliminate the quadratic 
output current of multipliers 402a and 402b, in a scheme 
analogous to that described in the previous paragraph. 

FIG. 5 depicts offset compensation circuit 430 de 
signed to eliminate offset errors by establishing an ap 
propriate bias voltage. Here as with circuit 400, shown 
in FIG. 4A, Vb2 is a non-zero bias voltage which is less 
than or equal in magnitude to the full-scale V2 input 
permissible for multiplier 402a. In this case V2 is as 
sumed positive. The factor A, used to compute the input 
voltage applied to p-channel transistor 414 of multiplier 
402a, is determined so as to eliminate the quadratic 
error term in the output of multiplier 402a. The output 
node 430 of multiplier 402a is connected to the negative 
input of amplifier 440. Amplifier 440 is a high-gain dif 
ferential amplifier which produces the offset-compen 
sating bias voltage VB. The circuit operates as follows: 
Amplifier 440 adjusts the gate bias provided to transis 
tors 412 and 414 of multiplier 402a via feedback (VB) so 
that the negative input terminal of amplifier 440 is 
brought very near ground. Thus, if amplifier 440 is 
specified to draw negligible current at its inputs, the 
output condition for the multiplier 402a is zero current 
into ground (zero voltage), and VB is the bias which 
needs be added to a V1 input to eliminate offset error. If 
V2<0, then the same bias could be computed by inter 
changing the inputs to differential amplifier 440. The 
bias computed by amplifier 440 could be summed with 
V1 inputs to other multipliers on a chip, or it could be 
capacitively coupled to floating gates used in conjunc 
tion with multipliers. 
FIG. 6 depicts compensation circuit 500 which com 

bines compensation circuits 400 and 430, previously 
described with reference to FIGS. 5 and 6, to compute 
both VG and VB. Circuits 400 and 430 are combined 
such that the output VB of amplifier 440 of compensa 
tion circuit 430 is provided to the gates of the transistors 
of multipliers 402a and 402b. 
The gain A, computed by compensation circuit 500, 

can also be utilized to remove the V22 term in multipli 
ers operated with open circuit output, although other 
error terms may remain. 
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The present invention may incorporate and be ap 
plied to multiplier circuits that use pairs of depletion 
mode transistors, or multiplier circuits where one tran 
sistor is a depletion mode device and the other is an 
enhancement mode device, as described in U.S. Pat. 
No. 4,906,873, with the restriction that V-Vind0 and 
the circuit operation will be limited to 
V -- V2 <(V-Vin)/2. 
The various voltage inputs to the circuits, V1, V2, 

AV2, -V2, Vb, and V2, as shown in FIG.'s 4, 5, and 6, 
may be provided by any suitable voltages supplies, 
which may for example, include voltage power 
supplies, the outputs of other multiplier circuits, or by 
any other type of electronic device or circuit which 
supplies a voltage output. 

Obviously, many modifications and variations of the 
present invention are possible in light of the above 
teachings. It is therefore to be understood that within 
the scope of the appended claims, the invention may be 
practiced otherwise than as specifically described. 
We claim: 
1. A circuit, comprising: 
a CMOS analog four-quadrant multiplier, including: 
an n-channel field effect transistor having a gate, 

first and second terminals, a channel forming a 
source-drain path between said first and second 
terminals, a transconductance constant gn, and a 
threshold voltage Vin; and 

a p-channel field effect transistor having a gate, 
first and second terminals, a channel forming a 
source-drain path between said first and second 
terminals, a transconductance constant f8, and a 
threshold voltage V, wherein said second ter 
minal of said n-channel transistor is operatively 
coupled to said first terminal of said p-channel 
transistor so as to form an output node; 

means for providing a voltage V2 to said first terminal 
of said n-channel transistor; 

means for providing a voltage - AV2 to said second 
terminal of said p-channel transistor, where A is a 
variable voltage gain; and 

means for providing a voltage (V1--Vt.) to said gates 
to said n- and p-channel transistors; 

where an output current supplied from said output 
node into a ground is characterized by the equa 
tion: 

where: 
Io is the output current; and 

= -V/V tn; and 
VT- -Vt. 
2. The circuit of claim 1 wherein: 
A is set to -4. 
3. The circuit of claim wherein: 
Vb is set to -(1-8)VT/(1--A8). 
4. The circuit of claim 3 wherein: 
A is set to 86 -}. 
5. A circuit comprising: 
a first four-quadrant analog multiplier having a first 

output including a first quadratic error component; 
a second four-quadrant analog multiplier having a 
second output including a second quadratic error 
component, said second output being operably 
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8 
coupled to said first output to form a common 
output; and 

means operably coupled to said first and second four 
quadrant analog multipliers for eliminating qua 
dratic error in said common output. 

6. The circuit of claim 5, wherein: 
said first four-quadrant analog multiplier is a first 
CMOS fourquadrant analog multiplier comprising; 
an n-channel field effect transistor having a gate, 

first and second terminals, a channel forming a 
source-drain path between said first and second 
terminals, a threshold voltage Vin, and transcon 
ductance constant gn; and 

a channel field effect transistor having a gate, first 
and second terminals, a channel forming a 
source-drain path between said first and second 
terminals, a threshold voltage V, and transcon 
ductance constant B; wherein said second termi 
nal of said n-channel transistor is operatively 
coupled to said first terminal of said p-channel 
transistor so as to form a first output node; and 

said second four-quadrant analog multiplier is a sec 
ond CMOS fourquadrant analog multiplier com 
prising: 
an n-channel field effect transistor having a gate, 

first and second terminals, a channel forming a 
source-drain path between said first and second 
terminals, a threshold voltage substantially equal 
to Vi; and transconductance constant substan 
tially equal to An; and 

a p-channel field effect transistor having a gate, 
first and second terminals, a channel forming a 
source-drain path between said first and second 
terminals, a threshold voltage substantially equal 
to Vip, and transconductance constant substan 
tially equal to 6p, wherein said second terminal 
of said n-channel transistor is operatively cou 
pled to said first terminal of said p-channel tran 
sistor to form a second output node, said first and 
second output nodes operably coupled together 
so as to form a common output. 

7. A circuit comprising: 
a first CMOs four-quadrant analog multiplier having 

a first output, comprising; 
an n-channel field effect transistor having a gate, 

first and second terminals, a channel forming a 
source-drain path between said first and second 
terminals, a threshold voltage Vn, and transcon 
ductance constant f8; and 

a p-channel field effect transistor having a gate, 
first and second terminals, a channel forming a 
source-drain path between said first and second 
terminals, a threshold voltage V, and transcon 
ductance constant g; wherein said second termi 
nal of said n-channel transistor is operatively 
coupled to said first terminal of said p-channel 
transistor so as to form a first output node; 

a second CMOS four-quadrant analog multiplier hav 
ing a second output operably coupled to said first 
output to form a common output, comprising: 
an n-channel field effect transistor having a gate, 

first and second terminals, a channel forming a 
source-drain path between said first and second 
terminals, a threshold voltage substantially equal 
to Vin, and transconductance constant substan 
tially equal to 3; and 
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a p-channel field effect transistor having a gate, 

first and second terminals, a channel forming a 
source-drain path between said first and second 
terminals, a threshold voltage substantially equal 
to Vip, and transconductance constant substan 
tially equal to fsp, wherein said second terminal 
of said n-channel transistor is operatively cou 
pled to said first terminal of said p-channel tran 
sistor to form a second output node, said first and 
second output nodes operably coupled together 
so as to form a common output; 

means for supplying a voltage V2 to said first termi 
nal of said n-channel transistor of said first multi 
plier; 

means for supplying a voltage -V2 to said first ter 
minal of said n-channel transistor of said second 
multiplier; 

means for supplying a voltage V2, to said second 
terminal of said p-channel transistor of said first 
multiplier; 

means for supplying a voltage - Vb2' to said second 
terminal of said p-channel transistor of said second 
multiplier; and 

means operably coupled to said first and second four 
quadrant analog multipliers for eliminating qua 
dratic error in said common output including 
means operably coupled to said first and second 
CMOS four-quadrant analog multipliers for adjust 
ing a ratio, A, where A = -V2'/V2' so that a qua 
dratic dependence upon said voltages V2 and V2' 
is eliminated at said common output. 

8. The circuit of claim 7 wherein: 
said quadratic error eliminating means includes: 
a first unity gain inverting buffer having an input 

operably coupled to said first terminal of said n 
channel transistor of said first CMOS four-quad 
rant analog multiplier and an output operably cou 
pled to said first terminal of said n-channel transis 
tor of said second CMOS four-quadrant analog 
multiplier; a second unity gain inverting buffer 
having an input operably coupled to said second 
terminal of said p-channel transistor of said first 
CMOS four-quadrant analog multiplier and an 
output operably coupled to said second terminal of 
said p-channel transistor of said second CMOS 
four-quadrant analog multiplier; 

a high gain differential amplifier having a first input 
operably coupled to said common output, a second 
input operably coupled to a ground, and an output 
for providing a gain control voltage VG, and 

an inverting voltage controlled amplifier having an 
input operably coupled to said first terminal of said 
n-channel transistor of said first CMOS four-quad 
rant analog multiplier, a variable voltage gain A, an 
output operably coupled to said second terminal of 
said p-channel transistor of said first CMOS four 
quadrant analog multiplier, and a gain control 
input operably coupled to receive said voltage, VG, 
from said high gain differential amplifier; 

means for providing a voltage V1 to said gates of said 
n- and p-channel transistors of said first and second 
CMOS four-quadrant analog multipliers; 

said output of said inverting voltage controlled ampli 
fier providing said voltage V2' to said second 
terminal of said p-channel transistor of said first 
CMOS four-quadrant analog multiplier, where 
V2' = -AV2; 
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10 
said output of said first unity inverting buffer provid 

ing said voltage - V2 to said first terminal of said 
n-channel transistor of said second CMOS four 
quadrant analog multiplier; and 

said output of said second unity inverting buffer pro 
viding said voltage -Vb2' to said second terminal 
of said p-channel transistor of said second multi 
plier. 

9. The circuit of clain 8 wherein: 
the operation of said first CMOS four-quadrant multi 

plier is characterized by the equation: 

where: 
Io is the output current supplied by said first output 

node; 
K= Bn: 
=f3p/Bn; 

Jis the ratio -V/Vin; 
VT is equal to -V; and 

the operation of said second CMOS four-quadrant 
multiplier is characterized by the equation: 

whereby, the sum of the outputs Io2 and Io.2 is charac 
terized by the equation: 

so that said voltage VG is driven to a value which 
causes A to assume the value of -2. 

10. The circuit of claim 7 wherein: 
said quadratic error eliminating means includes: 
a first unity gain inverting buffer having an input 

operably coupled to said first terminal of said n 
channel transistor of said first CMOS four-quad 
rant analog multiplier and an output operably cou 
pled to said first terminal of said n-channel transis 
tor of said second CMOS four-quadrant analog 
multiplier; 

a second unity gain inverting buffer having an input 
operably coupled to said second terminal of said 
p-channel transistor of said first CMOS four-quad 
rant analog multiplier and an output operably cou 
pled to said second terminal of said p-channel of 
said second CMOS four-quadrant analog multi 
plier; 

a high gain differential amplifier having a first input 
operably coupled to said common output, a second 
input operably coupled to a ground, and an output 
for providing a gain control voltage VG, and 

an inverting voltage controlled amplifier having an 
input operably coupled to said second terminal of 
said p-channel transistor of said first CMOS four 
quadrant analog multiplier, a variable voltage gain 
1/A, an output operably coupled to said first termi 
nal of said n-channel transistor of said first CMOS 
four-quadrant analog multiplier, and again control 
input operably coupled to receive said voltage, VG, 
from said high gain differential amplifier; 

means for providing a voltage V1 to said gates of said 
n- and p-channel transistors of said first and second 
CMOS four-quadrant analog multipliers; 

said output of said inverting voltage controlled ampli 
fier providing said voltage V52 to said first terminal 
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of said n-channel transistor of said first CMOS 
four-quadrant analog multiplier, where 
Vb2=-V2'/2 

said output of said first unity inverting buffer provid 
ing a voltage -Vb2 to said first terminal of said 
n-channel transistor of said second CMOS four 
quadrant analog multiplier; and said output of said 
second unity inverting buffer providing a voltage 
-Vb2' to said second terminal of said p-channel 
transistor of said second multiplier. 

11. The circuit of claim 10 wherein: 
the operation of said first CMOS four-quadrant multi 

plier is characterized by the equation: 

where: 
Iol is the output current supplied by said first out 
put node; 

K= 3n; 
=f3p/Bn: 
is the ratio -V/Vin; 
Vris equal to -Vin; and 

the operation of said second CMOS four-quadrant 
multiplier is characterized by the equation: 

whereby, the sum of the outputs Io2 and Io.2 is charac 
terized by the equation: 
Io--lo2=0=k(AS-1)(V2) 
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so that said voltage VG is driven to a value which 
causes A to assume the value of % 

12. A circuit comprising: 
a CMOS four-quadrant analog multiplier including 
an n-channel field effect transistor having a gate, 

first and second terminals, a channel forming a 
source-drain path between said first and second 
terminals, a threshold voltage Vin, and transcon 
ductance constant An; and 

a p-channel field effect transistor having a gate, 
first and second terminals, a channel forming a 
source-drain path between said first and second 
terminals, a threshold voltage Vip, and transcon 
ductance constant (3; wherein said second termi 
nal of said n-channel transistor is operatively 
coupled to said first terminal of said p-channel 
transistor so as to form an output node; and 

means operably coupled to said multiplier for elimi 
nating offset error in an output from said output 
node of said multiplier. 

13. A circuit comprising: 
a four-quadrant CMOS analog multiplier, compris 

1ng: 
an n-channel field effect transistor having a gate, 

first and second terminals, a channel forming a 
source-drain path between said first and second 
terminals, a threshold voltage V, and transcon 
ductance constant An; and a p-channel field ef 
fect transistor having a gate, first and second 
terminals, a channel forming a source-drain path 
between said first and second terminals, a thresh 
old voltage Vip; and transconductance constant 
Ap; wherein said second terminal of said n-chan 
nel transistor is operatively coupled to said first 
terminal of said p-channel transistor so as to form 
an output node; 
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12 
means operably coupled to said multiplier for elimi 

nating offset error in said output of said multiplier 
including: 
a high gain differential amplifier having a first input 

operably coupled to said output node, a second 
input operably coupled to a ground, and an out 
put operably coupled to provide a voltage VB to 
said gate of said n- and p-channel transistors; 

means for providing a voltage vb2 to said first ter 
minal of said n-channel transistor; and 

means for providing a voltage -AVb2 to said sec 
ond terminal of said p-channel transistor, where 
A is a variable voltage gain. 

14. The circuit of claim 13 wherein: 
the output Io of said multiplier is characterized by the 

equation: 

so that V8 is driven to the value 
-(1-Au)VT/(1 +A); 

where 
Io is the output current supplied at said output 

node; 
k=An 
= 6p/6n 
VT=-V; 
Ais a scaling factor; and 
is the ratio -V/Vin. 

15. A circuit, comprising: 
a quadratic error compensating circuit; and 
an offset error compensating circuit operably coupled 

to said quadratic error compensating circuit. 
16. The circuit of claim 15 wherein: 
said quadratic error compensating circuit includes: 
a first CMOS four-quadrant analog multiplier, com 

prising: 
an n-channel field effect transistor having a gate, 

first and second terminals, a channel forming a 
source-drain path between said first and second 
terminals, a threshold voltage Vin, and transcon 
ductance constant As; and 

a p-channel field effect transistor having a gate, 
first and second terminals, a channel forming a 
source-drain path between said first and second 
terminals, a threshold voltage 

Vip, and transconductance constant g; wherein said 
second terminal of said n-channel transistor is oper 
atively coupled to said first terminal of said p-chan 
nel transistor so as to form a first output node; and 

a second CMOS four-quadrant analog multiplier 
comprising; 
an n-channel field effect transistor having a gate, 

first and second terminals, a channel forming a 
source-drain path between said first and second 
terminals, a threshold voltage substantially equal 
to Van, and transconductance constant substan 
tially equal to £8; and . 

a p-channel field effect transistor having a gate, 
first and second terminals, a channel forming a 
source-drain path between said first and second 
terminals, a threshold voltage substantially equal 
to Vip, and transconductance constant substan 
tially equal to g; wherein said second terminal 
of said n-channel transistor is operatively cou 
pled to said first terminal of said p-channel tran 
sistor so as to form a second output node. 
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17. The circuit of claim 16 which further includes: 
means for supplying a voltage V2 to said first termi 

nal of said n-channel transistor of said first multi 
plier; 

means for supplying a voltage -Vb2 to said first ter 
minal of said n-channel transistor of said second 
multiplier; 

means for supplying a voltage V2' to said second 
terminal of said p-channel transistor of said first 
multiplier; 

means for supplying a voltage -V2' to said second 
terminal of said p-channel transistor of said second 
multiplier; and 

said quadratic error compensating circuit includes 
means operably coupled to said first and second 
CMOS four-quadrant analog multipliers for adjust 
ing a ratio, A, where A = -Vb2"/Vb2, so that a qua 
dratic dependence upon said voltages V2 and Vb2' 
is eliminated at said common output. 

18. The circuit of claim 17 wherein: 
said quadratic error eliminating means includes: 
a first unity gain inverting buffer having an input 

operably coupled to said first terminal of said n 
channel transistor of said first CMOS four-quad 
rant analog multiplier and an output operably cou 
pled to said first terminal of said n-channel transis 
tor of said second CMOS four-quadrant analog 
multiplier; 

a second unity gain inverting buffer having an input 
operably coupled to said second terminal of said 
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p-channel transistor of said first CMOS four-quad 
rant analog multiplier and an output operably cou 
pled to said second terminal of said p-channel of 
said second CMOS four-quadrant analog multi 
plier; 

a high gain differential amplifier having a first input 
operably coupled to said common output, a second 
input operably coupled to a ground, and an output 
for providing a gain control voltage VG, and 

an inverting voltage controlled amplifier having an 
input operably coupled to said first terminal of said 
n-channel transistor of said first CMOS four-quad 
rant analog multiplier, a variable voltage gain A, an 
output operably coupled to said second terminal of 
said p-channel transistor of said first CMOS four 
quadrant analog multiplier, and a gain control 
input operably coupled to receive said voltage, VG, 
from said high gain differential amplifier; 

means for providing a voltage Vbl to said gates of said 
n- and pchannel transistors of said first and second 
CMOS four-quadrant analog multipliers; said out 
put of said inverting voltage controlled amplifier 
providing said voltage V2' to said second terminal 
of said p-channel transistor of said first CMOS 
four-quadrant analog multiplier, where 
V2' = -AVb2; 

said output of said first unity inverting buffer provid 
ing said voltage -V2 to said first terminal of said 
n-channel transistor of said second CMOS four 
quadrant analog multiplier; and 

said output of said second unity inverting buffer pro 
viding said voltage -Vb2' to said second terminal 
of said p-channel transistor of said second multi 
plier. 

19. The circuit of claim 18 wherein: 
the operation of said first CMOS four-quadrant multi 

plier is characterized by the equation: 
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14 
lo1=x{(1+AS)V1V2--(1-Agu)VTVb2+(As-1- 
)V2)/2} 

where 
Iis the output current supplied by said first output 
node; 

K= 6; 
&= Ap/gn; 
Jis the ratio -Vip/Vin; 
VT is equal to -Vin; and the operation of said 

second CMOS four-quadrant multiplier is char 
acterized by the equation: 

whereby, the sum of the outputs Io2 and lo2 is charac 
terized by the equation; 

so that said voltage VG is driven to a value which 
causes A to assume the value of £3. 

20. The circuit of claim 15 wherein: 
said offset compensation circuit further includes: 
a third CMOS four-quadrant analog multiplier com 

prising; 
an n-channel field effect transistor having a gate, 

first and second terminals, a channel forming a 
source-drain path between said first and second 
terminals, a threshold voltage Vin; and transcon 
ductance constant A3; and 

a p-channel field effect transistor having a gate, 
first and second terminals, a channel forming a 
source-drain path between said first and second 
terminals, a threshold voltage V, and transcon 
ductance constant f8; wherein said second termi 
nal of said n-channel transistor is operatively 
coupled to said first terminal of said p-channel 
transistor so as to form an output node. 

21. The circuit of claim 20 wherein: 
said offset error eliminating means includes: 
a high gain differential amplifier having an input 

operably coupled to said output node, and an out 
put operably coupled to provide a voltage VB to 
said gates of said n- and p-channel transistors; 

means for providing a voltage V2 to said first termi 
nal of said inchannel transistor; and 

means for providing a voltage - AV2 to said second 
terminal of said p-channel transistor. 

22. The circuit of claim 21 wherein: 
the output Io of said third CMOS four-quadrant ana 

log multiplier is characterized by the equation: 

so that VB is driven to the value 
-(1-AJ)VT/(1+A2); 

where: 
Io is the output current supplied at said output 

node: 

=Ap/An 

Nis a scaling factor; and 
is the ratio -V/V. 

23. The circuit of claim 16 wherein: 
said quadratic error eliminating means includes: 
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a first unity gain inverting buffer having an input 
operably coupled to said first terminal of said n 
channel transistor of said first CMOS four-quad 
rant analog multiplier and an output operably cou 
pled to said first terminal of said n-channel transis- 5 
tor of said second CMOS four-quadrant analog 
multiplier; 

a second unity gain inverting buffer having an input 
operably coupled to said second terminal of said 
p-channel transistor of said first CMOS four-quad 
rant analog multiplier and an output operably cou 
pled to said second terminal of said p-channel tran 
sistor of said second CMOS four-quadrant analog 
multiplier; 

a high gain differential amplifier having a first input 
operably coupled to said common output, a second 
input operably coupled to a ground, and an output 
for providing a gain control voltage VG, and 

an inverting voltage controlled amplifier having an 
input operably coupled to said second terminal of 
said p-channel transistor of said first CMOS four 
quadrant analog multiplier, a variable voltage gain 
1/N, an output operably coupled to said first termi 
nal of said n-channel transistor of said first CMOS four-quadrant analog multiplier, and again control 
input operably coupled to receive said voltage, VG, 
from said high gain differential amplifier; 

means for providing a voltage V1 to said gates of said 
n- and p-channel transistors of said first and second 30 
CMOS four-quadrant analog multipliers; 

said output of said inverting voltage controlled ampli 
fier providing said voltage V b2 to said first terminal 
of said n-channel transistor of said first CMOS 
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four-quadrant analog where 
Vb2=-Vb2/A; 

said output of said first unity inverting buffer provid 
ing a voltage -Vb2 to said first terminal of said 
n-channel transistor of said second CMOS four 
quadrant analog multiplier; and 

said output of said second unity inverting buffer pro 
viding a voltage -V2' to said second terminal of 
said p-channel transistor of said second multiplier. 

24. The circuit of claim 23 wherein: 
the operation of said first CMOS four-quadrant multi 

multiplier, 

where: 
Io is the output current supplied by said first out 
put node; 

K= Rn; 
=Ap/An; 

Jis the ratio -V/Vn; 
VT is equal to -Vin; and 

the operation of said second CMOS four-quadrant 
multiplier is characterized by the equation: 

whereby, the sum of the outputs lo2 and Io.2 is charac 
terized by the equation: 

so that said voltage VG is driven to a value which 
causes A to assume the value of - i. 
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